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bstract

The charter vessels used for the annual eastern Bering Sea bottom trawl survey have recently been equipped with echosounders, which are
elatively sophisticated compared to the traditional depth sounders, and are capable of collecting acoustic backscatter data of a quality approaching
hat of scientific echosounders. Because these echosounders provide a large amount of inexpensive and continuous backscatter data between trawl
tations, it is of interest to determine whether these acoustic data can be used in conjunction with the trawl catch data to improve the precision
f walleye pollock (Theragra chalcogramma) and Pacific cod (Gadus macrocephalus) trawl indices of abundance. Catch and acoustic backscatter
ata collected from 98 stations executed during the 2005 field season were analyzed to estimate the correlation between trawl catch per unit swept
rea and acoustic backscatter integrated over various layers above the seafloor. The correlation for walleye pollock was good, with the highest

orrelation obtained for the layer between the seafloor and the headrope (r2 = 0.64). The correlation for layers above the headrope monotonically
ecreased with increasing height, indicating a lack of vertical herding by pollock. There was no correlation (r2 = 0.02) between trawl and acoustic
ata for Pacific cod, the only other important fish source of acoustic backscatter.
ublished by Elsevier B.V.
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. Introduction

The Alaska Fisheries Science Center (AFSC) of the National
arine Fisheries Service has conducted annual multi-species

emersal trawl surveys on the eastern Bering Sea shelf since
982. Recently, the fishing vessels chartered for this survey have
een equipped with Simrad ES-60 echosounders, having nearly
he same characteristics as scientific echosounders typically
sed for acoustic stock assessment. Since acoustic backscatter
rofiles of the water column are now collected continuously
hroughout the survey area, and provide potentially valuable

nformation on fish distributions between trawl stations, it is of
nterest to determine whether these acoustic data can be used to
upplement the trawl catch data to increase the effective sample
ize of the trawl survey, and thereby reduce the variance of wall-
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ye pollock (Theragra chalcogramma) and Pacific cod (Gadus
acrocephalus) abundance indices.
One approach to utilizing the acoustic data in this way, known

s double sampling (Thompson, 1992), has been employed by
thers to combine trawl and acoustic data (Bouleau et al., 2004;
jellvik et al., in press). This method utilizes an auxiliary vari-

ble, which is correlated with the variable of interest but cheaper
o obtain, as a proxy in a statistical estimation procedure pro-
ucing lower variances than using the original variable alone. In
ur case, the acoustic data are the auxiliary values since they can
e collected continuously at and between trawl stations at virtu-
lly no additional cost, and the catch data are the values of the
ariable of interest. By using the relationship between the two
ariables, it may be possible to obtain more precise estimators
f the pollock and cod biomass available to the trawl.
The trawl catch rate, expressed in terms of weight per unit
wept area, and the magnitude of the acoustic backscatter inte-
rated along the trawl path must be strongly correlated for the
ouble-sampling method to be effective. Specifically, high levels
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Two nearly identical 40 m stern trawlers, each equipped with
a Simrad ES-60 echosounder,1 were chartered for the 70-day sur-
8 P.G. von Szalay et al. / Fish

f integrated acoustic backscatter should be associated with large
atches of species that contribute substantially to the acoustic
ackscatter (i.e. species with swim bladders).

Several studies have attempted to correlate trawl catch and
coustic data. The results of these studies have been mixed.
mong the first to investigate the potential variance reduction

hat could be achieved by integrating acoustic data with trawl
urveys, Ona et al. (1991) found high correlations between
coustic and trawl catch per tow data for both Atlantic cod
Gadus morhua) and haddock (Melanogrammus aeglefinus) in
he Barents Sea. Similarly, Krieger et al. (2001) obtained a
trong relationship between acoustic and trawl data for rock-
shes (Sebastes spp.) in the eastern Gulf of Alaska, and Godø
t al. (2004) found strong correlations for some species, such as
addock and redfish (Sebastes spp.) in the Barents Sea and Nor-
ay pout (Trisopterus esmarkii) in the North Sea, when the echo

races were subjectively classified to species prior to analysis.
On the other hand, many of the studies that were part of

he recent European “Combining Acoustic and Trawl Data for
stimating Fish Abundance” project (CATEFA; Hjellvik et al.,

n press) were less promising. Mackinson et al. (2005), who used
fuzzy logic model to relate acoustics and other environmental
ariables with trawl catches, concluded that depth and location
ere better predictors of trawl catches in the North Sea than the

coustic backscatter in the first 5 m off the bottom. Neville et al.
2004), who used artificial neural networks to correlate trawl and
coustic data, were unable to adequately link the two, and Beare
t al. (2004), who used generalized additive models, found only
oderately strong relationships for some species in the Barents
ea, but very weak ones in the North Sea. Finally, Hjellvik et
l. (in press) failed to obtain a meaningful reduction in variance
f Atlantic cod and haddock in the Barents Sea, which they in
art attributed to a somewhat low correlation between trawl and
coustic data.

The variability in success among the different studies may at
east in part be attributable to vertical herding or diving behavior
f the fish in response to the vessel or trawl (Aglen, 1996; Ona
nd Godø, 1990; Hjellvik et al., 2003). Such diving behavior may
ary both temporally and spatially since it is likely a function of
nvironmental variables such as light, depth, temperature, and
idal currents (Aglen, 1996; Michalsen et al., 1996) and therefore
educe the correlation between acoustic and trawl indices of
bundance. Diving behavior can be identified by an increase in
orrelation when echo sign is integrated above the headrope.
hus, to determine whether a given survey area and a particular
pecies are good candidates for trawl-acoustic data integration, it
ay be prudent to estimate the effective net height (Aglen, 1996)
hen assessing the correlation between catch and acoustic data

o ensure that it agrees with the actual net height.
This study was therefore focused on estimating the effective

et height in addition to investigating the relationship between
he trawl and acoustic data. Compared to most of the areas where
ttempts to correlate trawl and acoustic data have been made,

he eastern Bering Sea shelf has close to optimal conditions. The
ottom is nearly flat and featureless, which minimizes the thick-
ess of the acoustic deadzone layer (ADZ) where fish cannot be
etected acoustically (Ona and Mitson, 1996). In addition, there

v

M

ig. 1. Locations of Aldebaran trawl stations on the eastern Bering Sea shelf
sed in the regression analysis of cod and pollock CPUE on integrated acoustic
ackscatter (n = 98).

re few fish species that contribute to the acoustic backscatter,
o species recognition is a relatively minor problem compared
o other areas (Honkalehto et al., 2002).

. Materials and methods

.1. Survey area, gear, equipment settings, and operational
rocedures

Both the trawl and acoustic data analyzed in this study were
ollected during the 2005 annual AFSC eastern Bering Sea shelf
ottom trawl survey. Within the survey area (Fig. 1) bottom
epths range between 20 and 200 m (99% of trawl stations are
t depths less than 150 m), bathymetry is generally smooth and
niform with depths increasing gradually along a southwest-
riented gradient, and sediments are dominated by fine-grain
articles ranging from mud to sand (Smith and McConnaughey,
999). The survey design is systematic with stations spaced regu-
arly in a 20 × 20 nautical mile grid. Acoustic data were collected
ontinuously at and between the trawl stations.
ey. The vessels collected samples along alternating columns of

1 Reference to trade names does not imply endorsement by the National
arine Fisheries Service, NOAA.
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he survey grid by trawling at the center of each grid square for
0 min (timed from when the trawl settled on the bottom) at a
peed of 1.54 m/s (3 knots) relative to the ground in the direction
f the next station. The quality of the acoustic data collected by
ne of the vessels, the Arcturus (38 kHz), was somewhat com-
romised by interference from a secondary transducer (50 kHz),
hich was inadvertently turned on during much of the survey.
ecause of this, we decided not to use any of the 2005 Arcturus
ata and restricted our analysis to the 2005 Aldebaran data.

Steel “V” doors measuring 1.8 m × 2.7 m are used to spread
he net of the 83–112 eastern otter trawl, which has a footrope and
eadrope measuring 34.1 and 25.3 m, respectively (von Szalay
nd Somerton, 2005). The mean net spread in fishing configu-
ation is approximately 17 m, and the mean headrope height is
.4 m. The mesh size is 10.0 cm in the wings and the body of the
et, 8.9 cm in the intermediate and codend sections. In addition
he codend is lined with 3.1 cm mesh. The area swept by the
et is calculated as the product of the mean net spread, deter-
ined by acoustic sensors attached to the wings of the net, and

he distance fished, determined using a bottom contact sensor as
he distance traversed by the net between the point where it first

akes bottom contact and when it leaves the bottom (Somerton
nd Weinberg, 2001).

The echosounder on the Aldebaran was equipped with a
plit-beam transducer with a 7◦ beam width (to –3 dB), which
perated at 120 kHz. The power output was set to 500 W and the
ulse length was 1.024 ms. We did not correct for the periodic
ystematic error (triangle wave), which to some extent degrades
he quality of the ES-60 echosounder data. The maximum value
hat this error can obtain is a 1 dB difference in acoustic mea-
urements on single pings, but the errors in echo-integration
easurements, where large numbers of pings are averaged, are

ubstantially smaller (De Robertis and Wilson, 2006). A numer-
cal simulation study to estimate the uncertainty of the integrated
coustic measurements by De Robertis and Wilson showed that
he systematic error would introduce an almost negligible uncer-
ainty of 0.2% while trawling.

The echosounder was calibrated twice during the survey:
nce immediately prior to the survey and then again approxi-
ately one-third of the way into the survey to check for drift in

he calibration settings. The calibrations were carried out in a
ay where the sea state was calm and vessel drift was minimal.
are was taken to ensure that there were few, if any, acoustic

argets (e.g. fish) in the water column. The calibration procedure
onsisted of lowering a tungsten sphere into the water, approx-
mately 20 m directly below the transducer by means of three
inches attached to the railings of the vessel. The amount of

ine paid out by the winches was adjusted until the calibra-
ion sphere was centered as close as possible on the acoustic
xis. Backscatter data from the sphere were then recorded for
minimum of 20 min, resulting in over 1200 individual target

ecordings. Because vessel drift and even minimal wave action
auses the position of the calibration sphere to oscillate slightly

bout the acoustic axis, only hits within 0.1 dB of the acous-
ic axis were used in the analysis. The calibration constant (i.e.
A correct), which was calculated as the difference between the
cho-integrated gain (Sv gain) and the target-strength gain (TS

t
o
t
a

Research 86 (2007) 77–83 79

ain) required to obtain a measured target strength of the cali-
ration sphere, is used when the trawl-acoustic data relationship
s applied to estimate the absolute fish density between trawl
tations and to account for any drift in echosounder settings that
ay occur between surveys.

.2. Data analysis

The acoustic data, which were processed using SonarData
choview v. 3.30.60, were carefully examined for quality assur-
nce prior to integration. Echograms from each trawl station
ere reviewed with respect to the echosounder-detected bottom

ine. After applying a 0.3 m back-step to the bottom line to min-
mize occurrences of seafloor integration, we ensured that the
ew line did not intercept the seafloor. This was essential to
btain accurate integration values because even small amounts
f seafloor integration may overwhelm the backscatter due to
sh.

The acoustic backscatter was integrated horizontally between
he point where the net first touched bottom and the point where
he net started to leave the bottom, determined using the bottom
ontact sensor attached to the footrope to measure the times and
GPS receiver to determine the locations of these events. The
orizontal offset between the vessel and the net was estimated
eometrically (Wallace and West, 2006) as

scope2 − depth2,

here scope is the warp length not corrected for curvature. This
as then converted to a temporal offset on the echogram by
ividing the horizontal offset by the trawl speed.

The strength of the relationship between the trawl and acous-
ic data was assessed using simple linear regression on the
og-transformed catch (in kilograms) per unit swept area (CPUE)
stimates of walleye pollock and Pacific cod, and the log-
ransformed nautical area scattering coefficients (NASC). No
ther species were considered because they are predominantly
onfined to the ADZ where they are acoustically invisible (e.g.
atfishes, skates, eelpouts, most invertebrates), they are poor
ources of acoustic backscatter due to their lack of swim bladders
flatfishes, invertebrates), or they are not sufficiently abundant on
he Bering Sea shelf (rockfishes). The data were log-transformed
n order to reduce the undue influence of outliers. The strength of
he relationship was determined by the proportion of explained
ariation (r2).

We examined the acoustic data for evidence of vertical herd-
ng responses by walleye pollock using a methodology similar to
hat described by Aglen (1996). The water column was divided
nto six layers parallel to the bottom, with the first layer defined
s the area between the bottom and the mean headrope height of
he 83–112 eastern otter trawl (2.4 m). The tops of the remain-
ng layers were at 4, 8, 15, 25, and 50 m above the seafloor. The
coustic backscatter was integrated between the seafloor and the

op of each layer for all stations, and simple linear regressions
n the log-transformed pollock CPUE estimates and log-
ransformed NASC values were performed. NASC values were
lso obtained for the non-cumulative layers above the headrope,
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and the other in which the NASC values are adjusted, have very
similar slopes (1.05 versus 0.98) and intercepts (4.14 versus
3.93) with only minor differences in r2 values: 0.64 and 0.62

Table 1
Regression parameters (a = slope, b = intercept) and r2 values of the acoustic vs.
trawl data relationship for the non-cumulative layers specified in the top row,
where the distances are relative to the bottom

0–2.4 m 2.4–4 m 4–8 m 8–15 m 15–25 m 25–50 m
ig. 2. Regression analysis of log-transformed pollock and cod catch-per-unit
hin lines on either side of the regression line for walleye pollock are the 95% c

nd separate simple linear regression models were derived in a
imilar fashion for these layers after log-transforming the data.

ultiple regression analyses using the non-cumulative layers
ere performed starting with the most comprehensive model,
hich included the layers as independent variables and the log-

ransformed pollock CPUE estimate as the dependent variable.
odels were simplified (backward deletion) until all P-values

f the individual non-cumulative layers were less than 0.05. The
resence or absence of a diving response was determined by
omparing the trends in r2 values of the different regression
ines for the cumulative layers with increasing distance above
he seafloor, and by any statistically significant layers above the
eadrope in the multiple regression analyses.

Only stations with a NASC value greater than 100 in the 25 m
hick layer closest to the seafloor were included in the analysis,
rovided the corresponding catch size was commensurate with
he low backscatter. This restriction was implemented to elim-
nate stations with extremely low fish densities, which tend to
e dominated by plankton. A total of 64 stations were elimi-
ated because of this restriction. We also excluded 13 stations
primarily in Bristol Bay) with NASC values greater than 100
here the backscatter pattern on the echogram were indicative of

ellyfish rather than walleye pollock or Pacific cod (i.e. uniform
edium-density backscatter spread out over the majority of the
ater column without blotches of higher than average density).
Of the 417 stations sampled by the two boats during the 2005

urvey, 98 Aldebaran stations were included in the final analysis.
Following the technique described by Ona and Mitson (1996),

e applied a correction to the acoustic data collected on board
he Aldebaran during the 2005 Bering Sea survey to account for
he acoustically undetected fish in the ADZ. This was done to
ssess whether the correlation between the trawl and acoustic
ata could be substantially improved. Ona and Mitson’s method
stimates the size of the dead zone as a function of beam width,
ulse length, and bottom depth. The amount of undetected fish
ackscatter in the ADZ is then estimated by making the assump-
ion that the fish density in the ADZ is equal to that in an
rbitrarily “thin” layer immediately above it, where it is pos-
ible to measure the density acoustically. This assumption is

robably conservative because the density of walleye pollock is
ikely higher in the layer adjacent to the bottom than any layer
bove it. We used the 1 m layer above the ADZ for our estimate
f fish density in the ADZ.

a
b
r
P

area estimates on log-transformed integrated acoustic backscatter values. The
nce interval of the regression line.

. Results

The correlation between trawl and acoustic data was high for
alleye pollock (r2 = 0.64) but quite low (r2 = 0.02) for Pacific

od (Fig. 2). The correlation between trawl and acoustic data
ecreased when echogram integration extended above the head-
ope. The correlation was highest for the layer between the
eafloor and the headrope, then decreased monotonically when
ntegration extended to increasingly greater heights above the
eadrope (Fig. 3). The rate of decline in r2 with increasing height
bove the seafloor was exaggerated by the elimination of stations
ith a NASC value less than 100 in the 25 m layer closest to the
ottom. This is because the left part of the point-cloud is partly or
ompletely eliminated from the regressions of layers above the
eadrope, resulting in lower r2 values. However, the r2 values
ith the eliminated data reintroduced in the regression analyses

lso decrease monotonically, albeit less dramatically (Fig. 3).
The only non-cumulative layer with a high correlation for

ollock was the one between the seafloor and headrope. The
ayer immediately above the headrope (2.4–4 m), which had
he second-highest correlation (r2 = 0.15, Table 1), was not sig-
ificant and was therefore not included in the final multiple
egression model (P = 0.41). These findings suggest that wall-
ye pollock do not engage in vertical herding in response to the
ncoming vessel and trawl.

The correlation between trawl and acoustic data did not sub-
tantially improve by correcting for acoustically undetectable
sh in the ADZ. The two regression lines, one in which the
ASC values are unadjusted for the missing fish in the ADZ
1.05 0.41 0.20 −0.013 0.06 −0.088
4.14 7.68 8.25 9.10 8.80 9.46

2 0.64 0.15 0.03 <0.01 <0.01 <0.01
<0.00001 0.41 0.54 0.50 0.36 0.62
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Fig. 3. Estimating the effective net height for pollock. Acoustic data were integrated between the bottom and the indicated height at six different altitudes. The
boldfaced (upper) r2 values are the coefficients of determination corresponding to regressions of data that were used in the analysis (black diamonds, n = 98). The
italicized (lower) r2 values are the coefficients of determination corresponding to regressions of data (regression lines not shown), which also include stations that
were excluded from the analysis (open circles, n = 64) because of low NASC values (NASC < 100 between the seafloor and 25 m above the seafloor).

Table 2
Calibration of the Aldebaran ES60 echosounder

Date Reference TS (dB) Range (m) Measured TS (dB) System gain (dB) TS gain (dB) Sv gain (dB) SA correct (dB)

1 June 2005 −39.56 18.90 −39.63 27.00 26.97 26.60 −0.37
18 June 2005 −39.56 18.25 −37.22 27.00 28.17 27.67 −0.50
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eference TS is the specified target strength of the 38.1 mm tungsten calibratio
ransducer face and the calibration sphere. The system gain refers to the gain se
orrect are system settings required to produce the reference sphere TS value.

or the unadjusted and adjusted data, respectively. Because of
his, no dead zone correction was applied to the data shown in
igs. 2 and 3.

The calibration exercises were successful and resulted in
inor adjustments to the acoustic data (Table 2). The discrep-

ncy in the calibration constants obtained between the two
xercises may be attributable to the presence of some fish during
he second calibration procedure.

. Discussion

The proportion of explained variation obtained in this study
or pollock (r2 = 0.64 for log-transformed data) compares favor-
bly with other studies that have used this metric or a correlation
oefficient to measure the quality of the trawl-acoustic rela-
ionship for gadoid species. Hjellvik et al. (in press) obtained
2 values ranging from almost no correlation (0.01) to 0.53
or haddock and cod in the Barents Sea. The highest values
ere obtained in the last 2 of the 6 years studied and they
ere substantially higher than what was obtained in other years

or the same species. Beare et al. (2004) obtained even lower
alues for haddock and saithe (Pollachius virens) in the North
ea (r2 = 0.06–0.12), but they obtained considerably higher val-

es in the Barents Sea (0.30–0.64). Aglen (1996) obtained
oor correlations for haddock, cod, and saithe (r2 = 0.05–0.45)
hen integrating the acoustic data between the bottom and the
eadrope, but he obtained considerably higher r2 values when

e
p
C
t

ere used in the calibration exercise, and the range is the distance between the
f the ES60, which results in the measured TS, whereas the TS gain and the SA

ntegrating between the bottom and 10 to 30 m above the head-
ope (r2 = 0.11–0.86). Maximum r2 values obtained by other
esearchers include 0.40–0.64 for cod and haddock, respectively,
n the Barents Sea (Godø et al., 2004), 0.62 for an assemblage
f species dominated by cod and haddock in the Barents Sea
Ona et al., 1991), and 0.69 for rockfishes in the Gulf of Alaska
Krieger et al., 2001).

There are several potential factors that can adversely affect
he relationship between the two measures of fish abundance.
irst, because ocean currents near the bottom are generally not
ligned with the tow direction, the trawl is often off to the side
ather than right behind the boat so that the trawl and boat paths
o not coincide (Engås et al., 2000).

Second, when fish are too close to the seafloor in the ADZ, the
rawl may catch fish, which the echosounder is unable to resolve
rom the stronger bottom signal. This would not necessarily be
roblematic if the proportion of the fish population in the ADZ
ere temporally and spatially invariant, but for semi-pelagic

pecies such as walleye pollock and other gadoids, this is usu-
lly not the case. Several factors have been shown to affect the
roportion of gadoids in the ADZ including age composition and
sh density (Godø and Wespestad, 1993), time of day (McQuinn
t al., 2005), stock size (Godø and Wespestad, 1993; Hjellvik

t al., 2003), light levels (Michalsen et al., 1996; Kotwicki,
ersonal comm.) and tidal currents (Michalsen et al., 1996).
omplicating matters further, most of these factors also affect

he proportion of fish in the water column available to the trawl
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ear. The fact that we did not observe a substantial improve-
ent in the correlation between trawl and acoustic data when

orrecting for the fish in the ADZ may be due to the inaccuracy
f the assumption that the fish density in the layer immediately
bove the ADZ is equal to the density in the ADZ itself. In
ddition, if the pollock density in the vicinity of the headrope
s substantial (which it often is), then the ADZ correction may
vercompensate because fish slightly above the headrope, but
ff the acoustic axis and apparently within the layer between the
ottom and the headrope, will at least partly compensate for the
issing fish in the ADZ. This assumption simply shifted all of

he data points toward higher NASC values by an approximately
xed percentage.

A third factor that can impact the quality of the relationship
etween the trawl and acoustic data is that the acoustic backscat-
er may be comprised of more than a single target species.

hereas the species composition from a trawl catch is obvious,
t is usually very difficult to distinguish acoustic signals due to
ollock from that of other species with satisfactory precision.

In the Bering Sea, walleye pollock account for approximately
0–90% of the fish biomass in the approximately 2.4 m thick
ayer next to the bottom, with the remainder primarily due to
acific cod (Acuna, 2006). The proportion of acoustic backscat-

er due to fish accounted for by pollock in that same layer is
robably at least as great as this because much of the cod biomass
s confined to the ADZ. This situation favors a strong relation-
hip between trawl and acoustic data for pollock. In contrast,
he number of potential target species in the North Sea are more
umerous and considerably more complex than either the Bering
ea or Barents Sea. Using artificial neural networks to model the
elationship between acoustic and trawl data in the North Sea and
arents Sea, Neville et al. (2004) obtained considerably better

esults in the Barents Sea than they did in the North Sea where
pecies richness is greater.

Finally, various fish reactions to the vessel or trawl may dis-
urb the local fish distribution after the vessel has passed, and the
xtent to which fish respond is likely a function of environmental
ariables (Michalsen et al., 1996; Ona and Godø, 1990).

Aglen (1996) found that for the majority of species he consid-
red off the coast of Norway, the strongest correlation between
rawl and acoustic data was achieved by integrating up to 30 m
r more off bottom, well above the 4 m headrope used in his
tudy. This observation agreed with the findings of Ona and
odø (1990), who showed that pelagic cod (G. morhua) off the
orwegian coast have a strong tendency to dive immediately

fter the passage of a trawling vessel from distances as far as
0–100 m above the bottom for large individuals. In the case
f walleye pollock in the Bering Sea, however, there was no
vidence of diving behavior, which may help explain why the
orrelation between acoustic and trawl data is relatively strong
n the Bering Sea compared to areas such as the North Sea and
rish Sea, where many of the CATEFA investigators had limited
uccess.
The lack of correlation between trawl and acoustic data for
acific cod, but not for walleye pollock in the Bering Sea, is most

ikely due to the low abundance of cod compared to walleye pol-
ock. Because it is very difficult to tease out the backscatter from

A
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hese two species, the walleye pollock backscatter overwhelms
he cod backscatter when correlating trawl and acoustic data for
od. In contrast, the cod backscatter is a relatively minor source
f contamination when correlating trawl and acoustic data for
ollock.

Furthermore, cod tend to be considerably more benthic than
alleye pollock. Their closer proximity to the bottom means that

od are more likely to be in the ADZ. Evidence for differences
n time spent on the seafloor can be found in their differing
eeding habits. Walleye pollock tend to prey on items such as
opepods and euphausiids (Dwyer et al., 1987; Shuntov et al.,
000), which are generally off the seafloor, whereas the diet
f cod is dominated by benthic organisms such as polychaete
orms, decapods, clams, and eelpouts (Yang, 2004).
These differences between pollock and cod, and the result-

ng discrepancies in the trawl versus acoustic relationship, may
xplain the mixed results of other researchers who have tried to
orrelate catch and acoustic data.

While we are not ready to definitively report the level of
ariance reduction that can be achieved for pollock biomass esti-
ates by incorporating the between-station acoustic data with

he trawl data, we estimated the potential variance reduction by
nalyzing data from the Alaska Fisheries Science Center’s 2004
iennial eastern Bering Sea acoustic survey. This survey runs
arallel transects spaced 20 nautical miles apart, the same as
he spacing between neighboring stations for the trawl survey,
nd covers approximately the same area as the trawl survey. We
nly considered the acoustic data within 3 m of the seafloor,
hich closely approximates the layer accessible to the trawl

urvey (2.4 m), and calculated the first order autocorrelation for
his data (ρauto = 0.71). Using the findings of Hjellvik et al. (in
ress), who generated theoretical variance reduction curves as
function of first order autocorrelation in the acoustic data and

or different levels of correlation between the acoustic and trawl
ata, we estimated the potential variance reduction for pollock
o be approximately 45–50%.

cknowledgements

We greatly appreciate the assistance of Paul Walline and Taina
onkalehto who provided us with the acoustic data from the
004 eastern Bering Sea EIT survey. We are also grateful for
he comments provided by Robert Lauth, Martin Dorn, Alex de
obertis, and two anonymous reviewers, which resulted in sub-

tantial improvements to the initial manuscript. We also thank
ll of the individuals involved in collecting the data on board
he Aldebaran and Arcturus during the 2005 Eastern Bering Sea
helf survey.

eferences

cuna, D. (compiler), 2006. 2004 Bottom trawl survey of the eastern Bering Sea

shelf AFSC Processed Report 2006-09. Alaska Fisheries Science Center,
National Marine Fisheries Service, NOAA.

glen, A., 1996. Impact of fish distribution and species composition on the
relationship between acoustic and swept-area estimates of fish density. ICES
J. Mar. Sci. 53, 501–505.



eries

B

B

D

D

E

G

G

H

H

H

K

M

M

M

N

O

O

O

S

S

S

T
v

P.G. von Szalay et al. / Fish

eare, D.J., Reid, D.G., Greig, T., Bez, N., Hjellvik, V., Godø, O.R., Bouleau,
M., van der Kooij, J., Neville, S., Mackinson, S., 2004. Positive relationships
between bottom trawl and acoustic data. ICES CM, 2004/R 24, 1–15.

ouleau, M., Bez, N., Reid, D.G., Godø, O.R., Gerritsen, H., 2004. Testing
various geostatistical models to combine bottom trawl catches and acoustic
data. ICES CM 2004/R 28, 1–19.

e Robertis, A., Wilson, C.D., 2006. Walleye pollock respond to trawling ves-
sels. ICES J. Mar. Sci. 63 (3), 514–522.

wyer, D.A., Bailey, K.M., Livingston, P.A., 1987. Feeding habits and daily
ration of walleye pollock (Theragra chalcogramma) in the eastern Bering
Sea, with special reference to cannibalism. Can. J. Fish. Aquat. Sci. 44,
1972–1984.
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